Proximal tubule structure-function relationships during volume expansion in Necturus  by Bentzel, Carl J.
Kidney International, Vol. 2 (1972), p. 324—335
Proximal tubule structure-function relationships during
volume expansion in Necturus
CARL J. BENTZEL
Department of Medicine, State University of New York at Buffalo and the Veterans
Administration Hospital, Buffalo, New York
Proximal tubule sfrueture-function relationships during volume
expansion in Necturus. Studies were performed in Necturus to
determine the relationship of proximal tubular epithelial struc-
ture to the physiologic state of net NaCI transport under control
experimental conditions and during expansion of the extracellular
volume. Although net NaC1 transport was depressed during
volume expansion in both free flow and stopped flow tubules,
morphology was different. Compared to control, epithelial cells
of free flow tubules fixed in situ during volume expansion were
flattened (reduction in cell height) and intercellular spaces were
closed, whereas intercellular spaces were markedly dilated in
stopped flow tubules. Dilated intercellular spaces were associated
with reversal of the normal hydrostatic pressure gradient. Struc-
tural changes in the region of the tight junction were observed
during volume expansion. It is proposed that alteration of the
tight junction as a diffusion barrier and/or a decrease in effective
distance between interstitial and luminal compartments would
result in an increase in permeability and flux in the capillary to
lumen direction, thus reducing net NaCI transport during volume
expansion.
Structure du tube proximal. Relation fonctionnelle du cours de
l'expansion extra cellulaire chez le Necturus. Des etudes ont étd
réalisées chez le Necturus pour determiner Ia relation entre Ia
structure de l'épithélium tubulaire proximal et la situation physio-
logique du transport net du NaC1 dans des conditions expéri-
mentales contrôlées et au cours de l'expansion des liquides extra
cellulaires. Bien que le transport net de NaCI ait été déprimé au
cours de l'expansion, aussi bien dans les tubules en flux libre
qu'en flux bloqué, Ia morphologie était différente. Comparees
aux contrôles les cellules épithéliales des tubules en flux libre,
fixees in situ au cours de l'expansion, étaient aplaties (diminution
de Ia hauteur cellulairc) et les espaces intercellulaires étaient
fermés alors que ces mémes espaces étaicnt dilates dans les tubules
en flux bloqué. En méme temps que les espaces intercellulaires
étaient dilates le gradient de pression hydrostatique était inverse.
Des modifications structurales de la jonction serréc (Zona
occludens) ont été observées au course de l'expansion. II est
propose que l'altération de Ia jonction serrée en tant que barriére
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dc diffusion ct/ou Ia diminution de Ia distance effective entre les
compartiments interstitiel et luminal puissent aboutir a une
augmentation de Ia perméabilité et du debit du capillaire en
direction de Ia lumiére, réduisant ainsi le transport net de NaCI
au cours de l'expansion.
The Necturus proximal tubule, like that of the mammal,
responds to isotonic expansion of the extracellular volume
by reduction of net NaCl transport [1, 2]. The mechanism
of this effect on NaC1 transport remains unclear but con-
siderable evidence obtained in the rat suggests that forces
such as hydrostatic pressure [3] and oncotic pressure [4—6]
acting at the peritubular side of the epithelium may exert
important influences. However, there has been no expla-
nation, in terms of a specific cellular or kinetic model, of
the manner in which small changes in peritubular forces of
5 to 20 cm H20 (ci mOsm) could modify transepithelial
transport although it has been postulated that capillary to
lumen NaCI flux may be increased and that intercellular
space pathways may play an important role [7]. Small
variations in peritubular forces should be readily transmit-
ted to the epithelial cell layer and particularly to the inter-
cellular space compartment because of the porosity of the
tubular basement membrane [8, 9]. A resulting change in
morphology could possibly alter transport function.
In the present experiments, Necturus proximal tubules
were fixed in situ during volume expansion and control
experimental conditions and histologic measurements of
cell size and degree of intercellular space dilatation were
correlated with the relative rate of NaCl transport measured
by micropuncture techniques. The results of these studies
are interpreted as being most compatible with the hypothesis
that alterations in epithelial structure during volume ex-
pansion may induce a relative increase in NaCI permeability
in the capillary to lumen direction, thus contributing (at
least in part) to the observed reduction in proximal tubular
net NaC1 transport.
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Methods
Necturi obtained fresh from Lemberger Co., Oshkosh,
Wisconsin, were anesthetized in methane sulfonate (2.0 g/
liter). Animals were studied in control conditions during
which an amphibian bicarbonate Ringer solution (187
mOsm, pH 7.4) was infused intravenously at 0.01 mI/mm.
Volume expansion was induced by increasing the intra-
venous infusion rate to 0.16 ml/min for at least 45 minutes
as previously described [1]. In some experiments, a Ringer
infusion approximately isoncotic to Necturus plasma was
used which contained either dextran, 60 to 90,000 mol wt
(Sigma Chemical Co., St. Louis, Mo.) or bovine albumin,
fraction V (Nutritional Biochemical Corp., Cleveland,
Ohio) at a final concentration of 2.0 g/l00 ml.
Micropuncture techniques. 1) Free flow. Animals were
given a priming dose of 20 tCi 14C-inulin in 0.2 ml Ringer
solution and then a constant intravenous infusion at
0.01 ml/min (control) and 0.16 ml!min (volume expansion)
containing I .tCi/ml 14C-inulin (1 to 3 mCi/g; New England
Nuclear Corp., Boston, Mass.).
Tubular fluid '4C-inulin concentration was measured at
the end of the proximal tubule using a distal oil block. The
recollection technique described by Dirks, Cirksena and
Berliner in the dog [10] was used and tubular fluid was
aspirated with the pipette tip pressure maintained at 2 to
4 cm H,O during control and 3 to 8cm H2O during volume
expansion. Plasma '4C-inulin concentration was measured
from five or 10 jil of blood obtained from the tail vein at
the end of each tubular fluid collection. In some experi-
ments, the aorta was partially constricted at the time of
volume expansion (in previous studies, when the aorta was
constricted, 14C-inulin clearance was reduced by an average
of 45 % when compared to control [1]). Samples were count-
ed (Mark I scintillation counter, Nuclear Chicago Corp.)
sufficiently long to insure a 2 % counting error or less.
Intraluminal and peritubular venous capillary pressures
were measured using the technique of Gottschalk and Mylle
as previously described [1]. Luminal pressures within the
small confines of the split drop were measured with a ma-
nometer using a 10 to 15 ji tip pipette filled with a stained
solution containing a small number of 1.1 t diameter latex
particles. Zero flow into or out of the pressure pipette was
recognized by observing suspended particle aggregates near
the tip.
2) Stopped flow. The split drop technique, as adapted to
Necturus kidney, has been previously described [1]. Flow
was stopped in each tubule selected for study by first micro-
perfusing its glomerular capsule with stained mineral
(345 cp) or castor oil and thus filling the proximal tubule
either partially or completely with oil. A second pipette
was used to inject Ringer solution thus splitting the oil
column.
Histologic techniques. All studies were done in the early
or mid portions of the proximal tubule. Two to five
tubules were micropunctured in each stopped flow experi-
ment. At the conclusion of each experiment, the kidney
was initially fixed by infusing 2% glutaraldehyde lightly
stained with lissamine green and buffered with 0.05 M
phosphate into the tail vein at approximately 0.05 mI/mm.
In point of fact, the peritubular circulation of the kidney
was observed through the dissecting microscope during
fixation and glutaraldehyde was delivered at approximately
the blood flow rate. After fixative was observed in the
peritubular capillaries, the inferior vena cava was severed
and fixative was continously dripped on a piece of filter
paper placed on the kidney surface. Initial fixation was
continued for 20 to 30 minutes. The total amount of fixative
infused through the tail vein was about 15 to 25 ml. Ex-
perimental tubules were then dissected from the kidney
and placed in 2% buffered glutaraldehyde overnight at
5° C. Variations in concentration of glutaraldehyde
(1.25 and 2.5 %) and rate or pressure of the glutaraldehyde
infusion into the tail vein did not result in any appreciable
variation in morphologic appearance.
Intraluminal perfusion of a 1 % buffered glutaraldehyde
and surface drip fixation for 30 minutes using 2% buffered
glutaraldehyde or 1 % osmium buffered with 0.1 M phosphate
were evaluated as alternative methods of initial fixation.
After initial fixation, experimental tubules were more
closely dissected from adjacent tubules and divided into
three or four ('.. 1 mm3) sections. Tissues were post-fixed
in 1 % osmium buffered with 0.1 M phosphate, dehydrated
in graded ethanol and embedded in Epon or Araldite. In
some experiments, tissue was immersed in block in 0.5%
uranyl acetate in 0.54% sucrose (pH 5.1) prior to the de-
hydration procedure. Thick sections ('.. 1 i) were cut with
a Sorvall MT-I ultramicrotome (Ivan Sorvall Co., Norwalk,
Conn.), stained with 1 % methylene blue and cell dimensions
were measured at 1,000 x magnification with a light micro-
scope equipped with an ocular 100 division micrometer disk
(1 division =0.88 ti). Intercellular spaces were measured at
1/3 of the distance from the basement membrane to the
luminal membrane. The average cell width (distance be-
tween lateral cell membranes) and height (luminal to basal
cell membranes) were measured. Experimental stopped flow
tubules could usually be identified on thick section by
several criteria: the presence of residual castor oil droplets
in the lumen, central orientation, proper histology and/or
slight dilatation of lumen. In order to minimize sampling
error, at least two blocks from each experimental tubule
were thick-sectioned and cell dimensions and width of the
intercellular space of 10 to 15 cells from each block were
measured and the average calculated for each tubule. Thus,
a single experiment consisted of at least 20 cell dimension
and 40 intercellular space measurements. Most measure-
ments were made by someone who had no prior knowledge
of the experimental condition.
Thin sections were cut from selected blocks, placed on
grids and double-stained with uranyl acetate and lead
citrate and examined with a Siemens lA electron micro-
scope.
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Measurement of junctional complex dimensions. In the
proximal tubule of Necuturus the morphology of the
junctional complex depends on whether or not the tripled
layered cell membrane was accentuated by in block staining
with 0.5% uranyl acetate after osmium post-fixation. Semi-
quantitative measurements of junctional morphology were
made from electronmierographs taken from the early
portion of the proximal tubule fixed during control and
during volume expansion. No distinction was made between
free and stopped flow tubules. Tissue processing technique 1:
this technique was used to measure the length of the zonula
occludens as defined by Farquhar and Palade [II], i.e.,
the length (or height) of the intermediate electron-dense
line formed by apparent fusion of the outer leaflets of
adjacent trilaminar (dark-light-dark on photographic
positives) cell membranes in close proximity of the lumen
(first 2,000 A). In this tissue processing technique initial
fixation was either by drip fixation with osmium alone or
combined intravascular and drip fixation with glutaralde-
hyde. In all experiments tissue was stained in block with
uranyl acetate. Electron micrographs from four control and
five volume expanded animals were taken at 20,000 x,
printed at 3 x and the length of the zonula occludens was
measured with a dissecting microscope equipped with a
100 division micrometer disk at 7 x from prints (total
magnification 420,000 x). Electronmicrographs were not
taken randomly but selection was made on the basis of
clarity of the zona occludens at time of electronmicroscopy.
Measurements were begun at the luminal fusion point and
the intermediate dense segment of the pentalaminar struc-
ture (dense-light-dense-light-dense membrane components)
was followed distally toward the zona adherens until two
separate trilaminar cell membranes could be distinguished.
This usually occurred well before the zona adherens was
reached. Measurements were made by three observers from
unlabeled electronmicrographs and the results were aver-
aged. Tissue processing technique 2: this process was used
for measures of junctional width from blocks previously
utilized for assessment of cell dimensions and intercellular
space width. This tissue was not treated further by in block
staining. Electron microscope negatives were taken
(20,000 x) of each junctional complex randomly en-
countered from eight control and 13 volume expanded
tubules. These were enlarged 3 x in prints and analysed
at 7 x with a dissecting microscope equipped with a
100-division micrometer disk. For the purposes of this
phase of the study, the zonula adherens was first identified
as that part of the junctional complex enclosed by an
accumulation of electron-dense cytoplasm. The "zonula
occludens" was then arbitrarily defined as that part of the
junction between the zonula adberens and the lumen (the
word "zonula occludens" is placed in quotations to
emphasize that the terminology is arbitrary and not used in
the traditional sense [111 to designate an area of fusion of
outer electron dense leaflets of adjoining cell membranes
near the lumen). The space between inner borders of
adjacent cell membranes was measured at approximately
200 A intervals and averaged for each anatomical zone of
the junctional complex. For the most part, with this tissue
processing technique, cell membranes were not trilaminar
but consisted of a single dense element. if a particular zone
could not be clearly identified (tangential section), it was
excluded from study. When the "zonula occludens"
consisted of a single electron-dense line, it was assigned a
zero value. If the "zonula occludens" consisted in part of
a single electron-dense segment (fusion of cell membranes),
a zero value was included in the average. Measurements were
made by two observers from unlabeled electronmicrographs
and averaged.
All data are presented as means standard error unless
otherwise specified.
Results
Gross histology. Free flow and stopped flow tubules; con-
trol: The average epithelial cell of a free flow proximal
tubule fixed during control experimental conditions by
renal portal 2% glutaraldehyde perfusion with a simul-
taneous surface drip fixation is rectangular and has an
average cell height approximately 21 % greater than the
average width; intercellular spaces are closed (Table 1).
in Fig. 1, a light microscope photograph from an Araldite
section ('-.'1 r') demonstrates the typical appearance of
epithelial cells of a free flow tubule.
Tubules filled with oil during control experimental
conditions demonstrated essentially the same histologic
Table I. Mean measurements of proximal tubule epithelial cell dimensions in microns
.
Experi-
mental
condition
Width
Free flow
—
Stopped flow
Intercell
.
Height Space
ular Cell
.N Width
Intercellu
.
Height Space
lar Cell
Area (2) Area (i?) N
Control 22.0±0.4 26.7± 1.4 0.07±0.04 585±41 14 20.8±0.7 24.2± 1.4 0.18±0.10 504± 33 11
Volume
expansion 22.5±0.5 19.9±0.6a 0.17±0.08 449±18 31 20.0±0.5 24.5±0.8 1.82±0.21a 496±21 19
Values are means s; N is the number of animals used for averaging.
a P<0.001 (student t test compared with control value given above in the same column).
LFig.1. Fig. 2
Fig. 1. Section of a controifree flow proximal tubule. Intercellular
spaces are not dilated and cell height is greater than cell width.
The lumen (L) and tubular basement membrane (BM) are
labeled. Cells cut in cross section were not used for measurement
of cell dimensions (x 530).
Fig. 2. Free flow proximal tubule fixed during volume expansion.
The height of epithelial cells is decreased compared to control
proximal tubular cells in Fig. 1. The lumen (L) and brush border
(BB) are labeled (x 530).
Fig. 3. Proximal tubular cell of a stopped flow tubule fixed during
volume expansion. The intercellular spaces (ICS) are markedly
widened in this experiment. The basement membrane (BM),
peritubular capillary (C) and residual oil droplets (OD) in the
lumen are labeled. The tubular cells shown in Figs. 1—3 were
fixed with combined renal portal and surface fixation with 2%
glutaraldehyde (x 530).
features as free flow tubules (Table 1). If castor oil was
used for inducing stopped flow, tubules were slightly
dilated and the brush borders were compressed but the
degree of cell flattening was not significant (Table I).
Free flow tubules; volume expansion: During volume
expansion, the most striking observation was a flattening
of the proximal tubular epithelium which showed a 25 %
decrease in cell height when compared with that of the
control free flow tubule (Table 1). Other histologic changes
included tubular dilatation, interstitial edema (indicated by
wider separation of tubules and interstitial cells) and pen-
tubular capillary dilatation. Flattening of the epithelium is
demonstrated in a low power photograph (Fig. 2). Inter-
cellular spaces were not dilated, either as measured with
the light microscope from thick sections (Table 1) or as
observed with the electron microscope (Fig. 5). The cyto-
plasm of proximal tubular cells was not edematous (as
measured by the number of clear vacuoles in thick sections).
Stopped flow; volume expansion: During volume ex-
pansion, proximal tubular epithelial cells in contact with
intraluminal Ringer solution (split drop) demonstrated
pronounced dilatation of intercellular spaces with no
changes in cell height when compared to stopped flow
control tubular cells (Table 1, Figs. 3 and 6). Free flow
tubules adjacent to micropunctured stopped flow tubules
demonstrated flattening of epithelium without dilatation of
Proximal tubule morphology during volume expansion 32'
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Fig.4. Fig. 5.
Fig. 4. Free flow tubule, control. Initial fixation with osmium
dripped on the kidney surface. The intercellular spaces (ICS)
between epithelial cells are not dilated. The lumen (L) is labeled
(x 1,950).
Fig. 6.
Fig. 5. Free flow tubule from a volume expansion experiment.
Considering differences in magnification, the epithelium appears
flattened when compared to Figs. 4 and 6. Intercellular spaces
(ICS) are closed. Cytoplasmic architecture appears normal. A
dilated peritubular capillary (C) and the brush border (BB) are
labeled. Fixation was as described in Fig. 4 (x 3,600).
Fig. 6. Stopped flow tubule, volume expansion. Tissue was fixed
as described in Figs. l--3. Intercellular spaces (ICS) are dilated
and basal infoldings are prominent. The basement membrane
(BM) and lumen (L) are also labeled (x 3,150).
intercellular spaces. Interstitial edema and peritubular
capillary dilatation were also observed.
Frequency distribution of intercellular space width. The
average width of the intercellular space measured with the
light microscope is summarized graphically for each ex-
perimental condition in Fig. 7. Some control stopped flow
experiments demonstrated slight intercellular space dil-
atation. Volume expanded stopped flow tubules are clearly
demarcated from the other experimental conditions because
all experiments showed moderate to marked dilatation of
intercellular spaces. These results were independent of the
type of oil used for inducing stopped flow. In animals in-
fused with Ringer solution containing 2.0 g/I00 ml dextran
or bovine albumin, the morphological appearance of inter-
cellular spaces was the same as that observed with infusion
of Ringer solution. In one free flow volume experiment
t
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Fig. 7. Histogram demonstrating width of intercellular spaces (p)
measured by light microscopy. The number of experiments is
equivalent to the number of animals rather than tubules studied.
Widest intercellular spaces are seen in stopped flow volume
expansion experiments. No separate effect of colloid (infusion
of isoncotic dextran or bovine albumin-Ringer) or partial aortic
constriction could be discerned.
with partial aortic constriction, intercellular spaces were
widely dilated. In this experiment, hydrostatic pressures
were measured prior to fixation and the mean intraluminal
pressure was only 0.2 cm H20 higher than mean capillary
pressure whereas in the average volume expanded experi-
ment, the luminal pressure was 2.0 cm H20 higher than the
capillary pressure; see Fig. 11.
Junctional histology. Tissue processed according to
technique 1: the electron micrographs shown in Figs. 8 a
and b are from a volume expansion experiment and depict
the zonula occludens as nearly open except for a short,
apparently closed zone in the first 100 to 200 A. The typical
pentalaminar structure created by the apparent fusion of
outer leaflets of adjacent cell membranes could be found in
both volume expansion and control experiments. The
length of the fusion line demonstrated a homogenous fre-
Fig. 8a. Junctional complex between epithelial cells of a proximal
tubule fixed during volume expansion and free flow conditions.
After fixation by surface drip with osmium, tissue was stained in
block with 0.5% uranyl acetate in 0.54% sucrose. The zonula
occludens (Zo), zonula adherens (Za), desmosome (D) and
lumen (L) are labeled (x 60,000).
Fig. 8b. Higher magnification of the apical port ion of the junctional
complex shown in Fig. 8a. A definite space between opposing
unit membranes of the zonula occludens is suggested by extra-
polation to the lumen. However, the area contiguous with the
lumen (arrow) may constitute a fusion of outer membrane leaflets
(x 120,000).
quency distribution ranging from 309 to 1 936 A in control
and 104 to 1 566 A in volume expansion. The mean length
was 1046 108 A, N = 22, in control tubules as compared
to 607± 56 A, N=31 (P <0.01), during volume expansion.
Fig. 8c is a representative electron micrograph of a junc-
tional complex from a control experiment.
The zonula occludens demonstrated two other con-
figurations: a single indistinct linear accumulation of elec-
tron dense material (possibly derived from a tangential cut
but more frequently observed in control tubules) and an
irregular interdigitation of inner and outer leaflets of
trilaminar cell membranes.
Tissues processed according to technique 2 were examined
for possible differences in junctional widths. The three
anatomical zones of the junctional complex were measured
separately and Table 2 gives the mean width in Angstrom
units. Since no difference could be found in junctional
widths between free and stopped tubules, all data were
pooled. The width of the "zonula occludens" is greater
during volume expansion when compared to control. In
11 of 25 electron micrographs of control experiments, the
"zonula occludens" was observed as a single electron-
Control
Il*1 fl*Do LI
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J Stopped flow
4 Aorta constricted
* Colloid
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Table 2. Measurements ofjunctional complex width in Angstroms
Experi- "Zonula N Zonula N Desmo- N
mental occludens" adherens some
condition
Control 25.0± 5.9 25 128.0± 9.9 26 276.5± 17.9 26
Volume
expansion 60.1±5.6a 25 137.0± 8.8 28 214.8± 15.9 24
Values are means sa; N is the number of electron micrographs
utilized for measurements.
a F<0.00l (student t test comparing with "zonula occiudens",
control).
Fig. Sc. Junctional complex between proximal tubule cells fixed
by drip fixation with osmium during control experimental con-
ditions. A pentalaminar structure is observed (arrows) along
1900 A of zonula occludens length shown by the solid vertical
line. The difficulty in measuring the length of the zonula
occludens is illustrated here, The intermediate dense line
between the middle and lowest arrow becomes obscure but its
reappearance at the lowest arrow probably means that zonula
occludens includes the whole 1900 A. The lumen (L) is labeled.
(x 120,000).
dense line (Fig. 9) and assigned a zero value whereas in
volume expansion experiments, only one in 25 was assigned
a zero value. If all zero value electron micrographs are
excluded and measurements are confined to areas in the
"zonula occludens" where two membranes are distinctly
separated by a clear space, the width of this space measures
77.4 4.6 A (volume expansion) and 56.7 6.7 A (control),
P <0.02. The zonula adherens width is not significantly
different (control vs. volume expansion) and the desmosome
width is actually greater in control (P <0.02).
Figs. 9 and 10 are representative junctional complexes
between epithelial cells demonstrating the single electron-
dense line usually observed during control and the widened
"zonula occludens" frequently found between cells fixed
during volume expansion.
The values given in Table 2 are useful mainly from a
comparative or relative viewpoint. The absolute values
have limited validity imposed by the less than ideal electron
microscope resolution and the lack of a model to explain
the function of the zonula occludens in terms of a partial
diffusion barrier.
Hydrostatic pressure measurements. All hydrostatic
pressures measured in each experiment are shown in Fig. 11.
When the mean hydrostatic pressure measurements made
in each animal were averaged, control free flow intraluminal
pressure was 2.7 cm H20 and the mean control stopped flow
intraluminal pressure was 2.5 cm H20. Peritubular venous
capillary pressure was 2.0 cm H20. The pressure difference
between lumen and capillary, zIP control, was +0.8cm
H20 in free and +0.7cm 1-120 in stopped flow with the
+ sign indicating higher intraluminal pressure.
Pressures measured during volume expansion were: free
flow intraluminal pressure, 7.3 cm H20, stopped flow
intraluminal pressure, 4.7 cm H20 and the mean capillary
pressure was 5.4 cm H20. The average zIP was + 2.0 cm
H20 in free flow but was reversed to —0.8cm H20 in
stopped flow (P <0.01) because of the relatively smaller
increase in intraluminal pressure of the split drop compared
to the average capillary pressure increase. Renal pressures
in animals infused intravenously with colloid-Ringer so-
lution were no different from those infused with Ringer
solution alone and are included in the averages. Partial
aortic clamping applied during volume expansion blunted
but did not prevent the pressure increase of volume ex-
pansion, particularly in the lumen (Fig. 11).
Previous measurements of hydraulic conductivity (Lu) of
this species have yielded a comparatively high value of
0.4 x lOht cm3 dyne1 sec' [12] indicating that a hydro-
static pressure gradient of 2 to 3 cm H20 should be rapidly
dissipated across the epithelial membrane unless net H20
movement continues in the lumen to capillary direction. If
intercellular space dilatation is dependent both on the
Proximal tubule morphology during volume expansion 331
Fig. 9. Fig. 10.
Fig. 9. Junctional complex from stopped flow control experiment. Fixed with 2% glutaraldehyde as described in Figs. 1 through 3. The
"zonula occludens" (Zo) given in quotations to designate arbitrary terminology, was assigned a zero value on the basis of a single
electron-dense line between the lumen (L) and zona adherens (Za). Although this finding was observed mostly in control tubules
in which care was taken to randonmize sampling at time of electronmicroscopy, it is not possible to simply exclude a tangential
cut as being responsible for this appearance. (x 60,000).
Fig. 10. Junctional complex from stopped flow volume expansion experiment. The width of the "zonula occludens" (Zo) averages
61.2 A, zonula adherens (Za) 217 A and a desmosome was not clearly discernible. The lumen (L) is labeled. In this electronmicro-
graph, descending from the lumen, the space between the two parallel electron-dense segments defined as "zonula occludens"
(Zo) was measured 8 times at approximately 200 A intervals. The average width was 3.6 micrometer disk units, calculated
from two zero measurements (arrows) and from six measurements which ranged from three to six disc units (one disc unit= 17 A).
Zero measurements are probably equivalent to the intermediate fusion line in the uranyl acetate treated tissue (X 60,000).
development of a negative pressure gradient across the
epithelial membrane and continued net H20 transport in
the lumen to capillary direction, then tubules completely
filled with oil should demonstrate no intercellular space
dilatation. In 12 tubules from eight animals (one control
and seven volume-expanded), where luminal fluid was com-
pletely replaced with castor oil and the kidneys fixed, the
cell width averaged 20.1 j.t, height 17.0 .t and the width of
the intercellular space was 0.0611.
Four experiments (one control and three volume ex-
pansion) using nine tubules, were done in which a castor
oil block was performed mid-way down the proximal
tubule. The preblock portion of these tubules directly
continuous with the glomerulus demonstrated flattening of
epithelium, especially during volume expansion. Histologic
measurements were: average height, 19,7 width, 20.1 s;
and intercellular spaces, 0. Intraluminal pressure was 4.8 cm
H20 in control and increased to 8.9 cm H20 during volume
expansion.
The portion of the proximal tubule distal to the oil block
demonstrated dilated intercellular spaces especially during
volume expansion (0.04 ji in control and 0.60 11 in volume
expansion) and intraluminal pressure was 4.7 cm H20
control and 2.9 cm H20 during volume expansion.
To further test the role of a negative pressure gradient as
the cause of intercellular space dilatation, three experiments
were done in which the inferior vena cava was partially
clamped to increase the pressure of the peritubular capillary
and the aorta partially clamped to reduce glomerular
capillary pressure and, hence, intraluminal pressure. Ani-
mals were not volume expanded and hydrostatic pressures
were measured in free flow tubules prior to fixation. In these
I
p
Fig. 11. All measurements of hydrostatic pressure in cm H20.
FFT is free flow tubule, SFT is stopped flow tubule and YC is
venous peritubular capillary. The horizontal lines are means
calculated from measurements made in each animal and are not
necessarily the mean of all measurements.
three experiments, the average luminal pressure was 1.9,
capillary 2.8, and the average zIP was — 1.0 cm H20 (range,
—0.4 to — 1.7 cm H20). Average intercellular space width
was 1.4 t (range, 0.67 to 1.72 j.t).
It therefore appears that intercellular space dilatation
can be induced in a normal free flow tubule by reversing
the normal pressure gradient and that it is not related to
the presence of oil in the tubule or to volume expansion
per se.
Other techniques of initialfixation. In volume expanded
animals, intercellular spaces averaged 1.82 t (Table 1) in
stopped flow proximal tubules initially fixed by renal portal
perfusion of peritubular capillaries with simultaneous sur-
face drip of 1.25 to 2.5% glutaraldehyde. This finding was
tested using two other methods of initial fixation: a) intra-
luminal microperfusion of 1 % buffered glutaraldehyde into
the Ringer solution confined between oil columns; b) drip
fixation of 2% glutaraldehyde on the kidney surface without
renal portal perfusion; and c) drip fixation alone with 1 %
buffered osmium.
When 1 % glutaraldehyde was microinjected into a split
drop for at least 10 minutes prior to dissection, intercellular
space averaged 0.17 R (range, 0 to 0.38 j.t) in two animals
(six stopped flow tubules) performed in volume expansion
experiments. Drip fixation with glutaraldehyde in three
volume expanded animals (six stopped flow tubules) re-
sulted in intercellular space dilatation in all three animals,
the average intercellular space being 1.44 j.t (range, 0.35
to 2.2 it). Although measurements were not made from
//
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Fig. 12. TF/P iuulin concentration ratio measured during volume
expansion given on the ordinate is plotted against TFIP inalin
concentration ratio obtained during previous control period (from
the same tubule) on the abscissa. The dotted line is the identity
line and data points falling below this line indicates a relative
TF/P inulin depression during volume expansion. Data were
obtained from seven animals.
osmium drip fixed kidneys, results were similar (see Figs. 4
and 5),
Thus, intercellular space dilatation in stopped flow tubules
and flattening of epithelium in free flow tubules in volume
expanded animals was not confined to a single initial
fixation procedure and was also reproducibly observed
when fixative was simply dripped on the kidney surface.
Net NaCl transport. Net NaC1 transport as measured by
stopped flow techniques in a comparable group of volume
expanded animals was observed to be significantly depressed
when compared to control (control V/2 = 34.7 minutes;
volume expanded t'72 =50.8 minutes, P <0.01 [1]). In the
present experiments, animals infused with Ringer solution
containing 2.0 g/100 ml dextran at 0.01 mI/mm, split drop
t'/2 was 24.3±3.7mm, N=9. During volume expansion
with dextran-Ringer solution, t1/2 averaged 49.7 7.6,
N=8, P <0.01.
End proximal tubule TF/P inulin concentration reflecting
net NaC1 transport in free flow tubules was 1.61 in
control and 1.11±0.02 (P <0.001) during recollection in
volume expansion (Fig. 12). Recollection TF/P inulin con-
centration ratios obtained from a second aspiration per-
formed 45 minutes after the first in control animals (nine
measurements in four animals) was 1.15 0.12.
Therefore, although gross morphology appears to differ
in the two conditions, net NaC1 transport in the proximal
tubule of this species is inhibited during volume expansion
both in free flow and stopped flow tubules.
Discussion
The present study was designed to explore the relationship
between Necturus proximal tubular morphology and a
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known physiologic state of NaCl transport, and it was
particularly addressed to the mechanism of net transport
inhibition during volume expansion.
The interpretation of observed morphologic changes
during volume expansion, particularly with respect to the
degree of intercellular space dilatation, is dependent on the
reliability of initial in situ fixation techniques. In both
stopped and free flow conditions, fixation was accomplished
mainly by initial penetration of a nearly isosmotic solution
of glutaraldehyde through the basal aspects of the epithelium
since recirculation into the arterial system and glomerulus
was prevented by section of the inferior vena cava and/or
the cessation of cardiac function as fixative entered the
heart.
Does the stopping of luminal flow influence the pene-
tration of fixative or otherwise create fixation artifacts?
As previously reported in the rat [13], oil per se in the
lumen does not appear to modify epithelial morphology
significantly. Although peritubular capillary flow was more
sluggish during control conditions, increasing the perfusion
rate of fixative had little discernible effect on morphology
provided that the inferior vena cava was sectioned soon
after the fixative was observed in the kidney. Furthermore,
the results were independent of the type of oil used, and
intercellular space dilatation was produced in free flow
tubules from non-volume expanded animals by modifying
the pressure gradient across the epithelium. Nevertheless,
the results were not entirely independent of the method of
fixation since intercellular space dilatation in volume ex-
panded tubules was reproduced poorly after intraluminal
glutaraldehyde perfusion. Drip fixation, on the other hand,
when employed as the initial fixation technique in volume
expanded animals, did permit distinction between stopped
flow and adjacent free flow tubules by virtue of intercellular
space dilatation in the former and flattened epithelium in
the latter.
It therefore seems unlikely that fixation artifacts are
the cause of observed intercellular space dilatation in
stopped flow tubules fixed during volume expansion.
The results indicate that intercellular space dilatation
requires that capillary pressure be greater than luminal
pressure and probably that the epithelium be transporting
since replacement of luminal salt solution with oil prevented
intercellular space dilatation even when capillary pressure
was raised (on the other hand, it is possible that oil in the
lumen may have increased the luminal pressure in such a
way as to prevent intercellular space widening). If luminal
pressure and peritubular capillary pressure are increased
pan passu and there is a positive pressure gradient, as
observed in free flow tubules in volume expanded animals,
then the epithelium is flattened and the intercellular spaces
remain closed.
In free flow, the positive transepithelial pressure gradient
(observed to a slight extent during control but noted
particularly during volume expansion) has been reported
previously [1]. Luminal pressure is derived primarily
from the arterial system in this animal because of continuity
with the glomerulus. The capillary system which is derived
almost exclusively from the renal portal circulation [14] is
a relatively low pressure system. Equalization of pressures
in the steady state (in the early portion of the proximal
tubule where most measurements were made) is normally
almost complete (control, free and stopped flow) but
during volume expansion, GFR increases by sometimes
as much as two to three-fold in this animal [I], resulting
in relatively higher luminal than capillary pressures, dif-
ferences capable of measurement with present techniques.
In stopped flow experiments, intraluminal oil between
the split drop and the glomerulus acts as a damper, and
intraluminal pressure within the drop becomes equal to
capillary pressure or slightly lower because of salt and
water transport out of the drop. Under these conditions,
one would expect, especially with an increase in capillary
pressure, a relatively high pressure at the basal side of the
epithelium since the interstitial pressure, though not
measured, probably increases with capillary pressure. The
highest hydrostatic pressure would be located in the inter-
cellular space compartment if solute-coupled water transport
proceeds through these spaces.
Net NaC1 transport is inhibited by isotonic volume
expansion whether determined by the TF/P inulin technique
in free flow tubules or the split drop technique in stopped
flow tubules. Although the morphology of the epithelium
appeared to be similar during control conditions, clear
histological differences emerged during volume expansion.
In the mammalian gallbladder [15] and reptile kidney [16],
a positive correlation has been observed between width
of the intercellular space and the magnitude of solute-
coupled water transport. Instead of interpreting the present
studies as contradictory to the above, it seems more rea-
sonable to believe that the intercellular spaces were dilated
primarily because of pressure differences and then, in
turn, to ask what if any effect will this have on net NaC1
transport. In toad bladder [17] and frog skin [18, 19]
hydrostatic pressure gradients are associated with changes
in morphology and/or NaCl transport. There is, therefore,
some precedence in other epithelia for pressure-induced
alteration in morphology resulting in a change in net
NaC1 transport.
There are no morphological clues, such as cellular edema
or alteration in mitochondrial structure, which suggest
that the active component of the sodium pump is inhibited
during volume expansion nor were there consistent dif-
ferences in intercellular space width, hydrostatic pressure
or stopped flow net NaC1 reabsorption if animals were
volume expanded with an isoncotic albumin or dextran-
Ringer solution compared to Ringer solution alone. Since
hydrostatic pressure and oncotic pressure were not control-
led separately, the relative role of each of these forces
remains undefined under these experimental conditions.
Nevertheless, maintenance of constant oncotic pressure
with large molecular weight molecules does not eliminate
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the effect of volume expansion on the above measured
parameters.
By what mechanism might an alteration in epithelial
morphology result in the inhibition of net transport?
Experimental evidence has recently been accumulating
that interstitial space (capillary) to lumen NaC1 flux is
increased during volume expansion, by Higgins and Blair
in dog gut [20], Humphreys and Early in rat intestine [21],
and by Boulpeap [2] and Bentzel and Spring [22] in
Necturus proximal tubule. Bank, Yarger and Aynedjian
[23] have demonstrated an increase in 14C sucrose flux
into a perfused segment of rat proximal tubule during
partial venous clamping, a procedure which, in the rat,
causes an increase in both capillary and luminal pressures.
Boulpaep has found that the transepithelial electrical
conductance increases during volume expansion in that
part of Necturus proximal tubule located on the glomerular
side of a mid-tubular oil block [24]. He has suggested
that the morphologic counterpart of the conductance
pathway may be the intercellular space-tight junc-
tion.
The present study suggests a gross morphologic basis
for enhancement of capillary to lumen solute flux during
volume expansion. The effective distance between interstitial
space and tubular lumen is reduced, in free flow by epithelial
flattening and in stopped flow by dilatation of intercellular
spaces. Provided the critical permeability barrier(s) in the
capillary to lumen direction is in some measure determined
by this distance, and the diffusion path is both transcellular
and intercellular, then solute permeability in that direction
would be increased by a decrease in magnitude of Ax, the
effective distance across the permeability barrier when
=
wRT
. P is permeability, w is the mobility of the
molecule and R and T have their usual meaning. In the
case of the proximal tubule, several membranes and
compartments may constitute the effective permeability
barrier, if this be true, then the total permeability, P, of
a two series membrane system would be given by 1/P1 =
1/P1 + 1/P2 (25). Pt would still increase with an increase
in P1 or P2 or both.
The second morphologic alteration in epithelial structure
observed during volume expansion in this study is much
less firmly established. Semiquantitative measurements
suggest that the juxtaluminal portion of the junctional
complex is different during volume expansion compared
to control. If this be true it may account for increased
epithelial permeability, provided that the extracellular
route for ion movement is important. Firm conclusions
cannot be drawn regarding morphological changes in
this area of the junctional complex because: 1) resolution
was not ideal as can be seen from Figs. 8 through 10.
However, an attempt was made to minimize this limitation
by semiquantitative measurements which compared one
experimental condition with the other; 2) uncertainty
exists in regard to the structure and function of the dif-
ferent anatomical areas within the junctional complex
in the living state; 3) it is also apparent from the present
study that the anatomical configuration, particularly of
the "zonula oceludens", may be influenced considerably
by fixation, staining and sectioning procedures.
Perhaps improved resolution of structure and function
can be achieved by the use of suitable electron dense markers
such as in the study reported by Whittembury and Rawlins
[26] who demonstrated lanthanum penetration through
the zonula occludens in tubules of doubly perfused toad
kidneys. Furthermore, the study of isolated junctions
allowed Benedetti and Emmelot [27] to consider the
zonula occludens as a complex hexagonal structure similar
to that proposed by Bullivant and Loewenstein for gap
junctions [28]. A complex structure may prove sufficiently
versatile to reconcile morphologic and physiologic data.
In view of the foregoing discussion it is apparent that the
present measurements of junctional width and length
must be regarded as highly tentative; nevertheless, they
do provide some experimental justification for considering
the tight junction as a variable diffusion barrier capable
of participating in the regulation of net epithelial trans-
port.
Alteration of junctional complex structure might be
mediated by pressure transmitted from the intercellular
space either by an increase in capillary hydrostatic pressure
or by a reduction in water removal from the intercellular
compartment caused by a decrease in capillary oncotic
pressure as proposed by Windhager, Lewy and Spitzer [7].
Provided the zonula occludens normally constitutes a
major permeability barrier in the capillary to lumen
direction, the effect would be an increase in permeability
and solute flux in that direction and, thus, a reduction
in net flux. For sodium, the driving force in the capillary
to lumen direction would be provided by the transepithelial
electrical gradient and/or local concentration gradients
developed within the epithelium, for instance, in inter-
cellular spaces as proposed by Diamond and Bossert [29].
Tn the lumen to capillary direction, comparable passive
driving forces do not exist even if one were to assume an
equal increase in permeability in that direction. Actually,
permeability in the lumen to capillary direction may remain
unchanged, provided the membrane array of the epithelium
is asymmetrical and capable of rectification (i.e., the
permeability barrier function of the tight junction is less
critical in terms of total permeability in that direction).
Regulation of back flux by the tight junction could also
account for experimental observations that the effect of
expansion of the extracellular fluid volume is relatively
independent of the epithelium or of the species studied or
the solute. This hypothesis would further predict that a
response to volume expansion may require particular
morphologic and functional characteristics of the epi-
thelium, some of which have been discussed in light of the
present findings.
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